Hybrid plasmonic nanostructures based on controlled integration of MoS2 flakes on metallic nanoholes by Garoli, Denis et al.
Nanoscale
PAPER
Cite this: Nanoscale, 2018, 10, 17105
Received 21st June 2018,
Accepted 6th August 2018
DOI: 10.1039/c8nr05026k
rsc.li/nanoscale
Hybrid plasmonic nanostructures based on
controlled integration of MoS2 ﬂakes on metallic
nanoholes†
Denis Garoli, *a Dario Mosconi,b Ermanno Miele,a Nicolò Maccaferri, a
Matteo Ardini,a Giorgia Giovannini,a Michele Dipalo,a Stefano Agnoli b and
Francesco De Angelis*a
Here, we propose an easy and robust strategy for the versatile preparation of hybrid plasmonic nanopores
by means of controlled deposition of single ﬂakes of MoS2 directly on top of metallic holes. The device is
realized on silicon nitride membranes and can be further reﬁned by TEM or FIB milling to achieve the
passing of molecules or nanometric particles through a pore. Importantly, we show that the plasmonic
enhancement provided by the nanohole is strongly accumulated in the 2D nanopore, thus representing
an ideal system for single-molecule sensing and sequencing in a ﬂow-through conﬁguration. Here, we
also demonstrate that the prepared 2D material can be decorated with metallic nanoparticles that can
couple their resonance with the nanopore resonance to further enhance the electromagnetic ﬁeld
conﬁnement at the nanoscale level. This method can be applied to any gold nanopore with a high level of
reproducibility and parallelization; hence, it can pave the way to the next generation of solid-state nano-
pores with plasmonic functionalities. Moreover, the controlled/ordered integration of 2D materials on
plasmonic nanostructures opens a pathway towards new investigation of the following: enhanced light
emission; strong coupling from plasmonic hybrid structures; hot electron generation; and sensors in
general based on 2D materials.
Introduction
Nanopore technology is the core of third-generation sequen-
cing, and solid-state nanopores are now one of the main topics
of research in single-molecule sensing. To produce solid-state
nanopores, a valid alternative to the currently used commercial
biological nanopores, as well as the current nanofabrication
methods and materials, must be developed. To date, one of
the most advanced generations of solid-state nanopores is rep-
resented by 2D materials. The atomically thin nature of gra-
phene and other materials, such as transition metal dichalco-
genides (TMDCs) (MoS2, WS2, etc.),
1 makes them ideal translo-
cation membranes for high-resolution, high-throughput, and
single-molecule sequencing based on nanopores.2–12 Electrical
measurements is the main approach for single-molecule
sequencing by means of nanopores, but readout schemes that
rely on optical spectroscopy can be envisioned.13–15 Within
this context, a plasmonic nanopore15 represents an intriguing
tool for enhancing the signal-to-noise ratio from the optical
signal via the electromagnetic field enhancement that can be
generated using engineered metallic nanostructures. The inte-
gration of a 2D material with plasmonic nanostructures leads
to a new generation of hybrid nanopores.16 In fact, the devel-
opment of a hybrid 2D-plasmonic nanoarchitecture that
eﬃciently combines the benefits from a plasmonic field
enhancement with the intrinsic in-plane electric field localiz-
ation from atomically thin materials would represent a step
towards the next generation of hybrid nanopores.
The preparation of a nanopore in an atomically thick layer
of 2D material remains a challenging task and requires the
deposition of single layers on top of a larger solid-state pore/
membrane with a successive step involving a high-resolution
electron beam sculpting/drilling process9 that often suﬀers
from process variability, precluding the platform from being
scalable. Moreover, to prepare a hybrid plasmonic/2D material
pore, the integration of metallic nanostructures must be
achieved in close proximity to the 2D material pore. The pio-
neering work of Nam et al.16 on a hybrid nanopore involved
the use of photothermal sculpting to create a nanopore in a
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graphene membrane with a nearby gold nanoparticle acting as
an optical antenna. In their paper, a significant enhancement
in fluorescence was detected during single-molecule DNA
translocation through the nanopore, highlighting the potential
of hybrid systems. Here, we propose an easy and robust strat-
egy for the versatile preparation of hybrid plasmonic nano-
structures by means of controlled deposition of single- or few-
layer flakes of MoS2 directly on top of metallic holes. This
method can be applied to any gold nanohole (with 2D or 3D
geometries, as will be demonstrated) and can pave the way to
the next-generation fabrication of hybrid systems. Compared
to the more frequently used graphene, MoS2 presents several
advantages in nanopore applications and has been recently
proposed for use in single-molecule sequencing.4,5,11 The pres-
ence of local defects (–S vacancies) on the MoS2 layer is used
here to anchor the material locally on metallic nanoholes by
means of chemical functionalization via dithiol molecules.
Thiol conjugation of MoS2 has been explored in a few recent
studies;17–19 to the best of our knowledge, this work represents
the first example of a deposition method based on this
process.
Results and discussion
A pictorial representation of the process is illustrated in Fig. 1
(top panel). The preparation of MoS2 flakes is based on chemi-
cal exfoliation,20–22 as described in the ESI;† Fig. 1 shows
examples of the ordered deposition of single flakes on top of
the holes fabricated in a flat gold film (Fig. 1(a)–(c)) and 3D
gold nanotubes (vertical nanoantennas) (Fig. 1(d)–(f )). The
method used for the deposition is based on the conjugation
between a gold (or another noble metal) surface and a dithiol-
terminated organic chain as well as the same conjugation
between the MoS2 flake and the dangling –SH group of the
same molecule (Fig. 1). In particular, to perform a controlled
deposition of MoS2 over metallic holes, we used a 1,12-dodecane-
dithiol molecule as a linker between the gold surface and
local –S vacancies in MoS2 flakes. The protocol of functionali-
zation is as follows (illustrated in Fig. 1-top panel): (1) a 1 mM
solution of dithiol is prepared in EtOH; (2) the sample to be
deposited is first cleaned in oxygen plasma for 60 seconds to
facilitate the process; (3) the plasmonic holes are prepared on
a Si3N4 membrane, and only one side of the substrate is
covered with metal (see the ESI† for details on the nanohole
fabrication process for the two types of structures considered,
i.e. holes in flat gold film and 3D vertical metallic nanotubes);
(4) as we expect the thiol deposition to occur only on the metal
in contact with the solution, to functionalize only the holes,
we put the sample with the metallic side in contact with a
MoS2 suspension in EtOH, i.e., we keep the sample floating to
avoid the complete wetting of the sample; (5) at the same time,
we spot on the dry side, opposite to the one we want to dec-
orate with MoS2, 10 μL of 1,12-dodecanedithiol diluted in
EtOH; (6) after a few seconds, the drop of dithiol starts to dry;
and (7) the sample is rinsed with EtOH, and the controlled
deposition is achieved. This method can be used on every
nanostructure involving a metallic nanohole; in our case, we
demonstrate that the link between the two materials can be
achieved with high reproducibility, both in a flat metallic hole
and in 3D hollowed antennas. To control the % of coverage of
the holes and the quantity of deposited flakes in terms of a
number of layers, the most critical parameter is the time of
incubation. In our case, 20 seconds of incubation leads to a
high percentage of single-layer flakes deposited over a large
nanostructure array. In fact, as will be reported later, over 80%
of metallic holes present in the array can be covered with
MoS2. The optimization of the preparation of a MoS2 batch
(see the ESI†) allows one to obtain a single-layer deposition
almost over the diﬀerent pores. This deposition can be demon-
strated by Raman measurements where the discrimination
among the single- or few-layer flakes is possible.23 As illus-
Fig. 1 SEM micrographs of MoS2 ﬂakes deposited onto an array of plas-
monic nanoholes. (Top panel) Illustration of the concept for controlled
deposition of MoS2 ﬂakes over metallic holes; (a) top view over a large
ﬂat gold hole array; (b) and (c) details of a single-layer ﬂake on a 2D
pore; (d) tilted view over a large array of 3D antennas covered with MoS2
ﬂakes; (e) and (f ) details of the MoS2 ﬂakes deposited onto an antenna.
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trated in Fig. 1(a)–(c), the deposition over the holes fabricated
in a flat gold film results in small flakes covering the pores
with dimensions spanning from 200 nm up to 500 nm. In the
case of the 3D structures (Fig. 1(d)–(f )), the flake deposition
results in a partially covering layer that crinkles around the
metal in many diﬀerent ways, ranging from small flakes cover-
ing only the top hole to large flakes wrapping the 3D body of
the structure. Note that, although it is beyond the scope of this
work, the obtained structures can find several interesting
applications in all the present fields of research in which 2D
materials are the core. For example, the controlled/ordered
integration of 2D materials on plasmonic nanostructures can
pave the way to new investigations on enhanced light emission
from TMDCs,24–31 strong coupling from plasmonic hybrid
structures,32 hot electron generation,33,34 and sensors in
general based on 2D materials.35–40
Next, we investigate the plasmonic properties of our arche-
typical 3D structure (vertical nanotubes) integrated with MoS2
flakes by means of finite element method (FEM) simulations
using the RF Module in Comsol Multiphysics and taking into
account the geometry that can be fabricated using our
method.41,42 The phenomena that will be illustrated resemble
the phenomena we expect to observe in a flat metallic pore
(the other plasmonic structure fabricated here) integrated with
the 2D flake (see the ESI†). The optical properties of MoS2
flakes can be simulated considering the experimental optical
constants obtained by Zhang et al.43 for a single-layer MoS2
film in the spectral range of interest. First, we consider a
hollow 3D antenna with optimized dimensions (height, dia-
meter and hole radius) for field confinement at the top area at
a wavelength of 633 nm. We used this antenna structure for
the Raman spectroscopy test reported below (details on fabri-
cation are reported in the ESI†). At this wavelength, it is poss-
ible to enhance the electromagnetic field at the top of our
structure by almost two orders of magnitude. As shown in
Fig. 2(b), the same significant field enhancement can also be
obtained in the case of a hollow antenna with a monolayer of
MoS2 covering the hole, as in the experiment. Note that the
presence of a top MoS2 layer does not significantly change the
field distribution in the region of interest. Because we are
investigating the fabrication of a nanopore into a MoS2 mono-
layer, a 5 nm hole has been simulated as well. As seen from
Fig. 2(c), the presence of such a hole in the high-index MoS2
layer on top of the plasmonic antenna induces a strong field
confinement and intensity enhancement inside the nanopore
(it is worth mentioning here that although the electric field
intensity enhancement is higher at the edges of the nanopore,
inside the latter the enhancement is above 30). Note that this
high field enhancement is not achievable if no plasmonic
element is present, i.e., if we consider a hollow antenna
without the gold coverage, we have the field confinement and
a small enhancement (by a factor of 3) inside the nanopore
(see the ESI†), whereas with the gold, we increase this
enhancement by at least one order of magnitude.
As is well known, MoS2 is a layered material; thus, to obtain
processable flakes, it must be exfoliated by breaking the van
der Waals interactions between the layers, a process that
causes high stress to the material in all the preparation
methods developed until now.20–22
Considering that each MoS2 single-layer nanosheet consists
of molybdenum atoms sandwiched between the two planes of
sulfur anions, it is reasonable to suppose that several defects
are present on the surface where vacancies in –S bonds are
expected.44 In principle, these unsaturated bonds can rep-
resent not only a favorite site for the thiol conjugation used for
the deposition but also a site of nucleation for gold nano-
particles, hence allowing the decoration of the flakes. In
addition, if we consider the higher sputtering rate of S with
respect to Mo atoms, and if a MoS2 layer is drilled with an ion/
electron beam, then we can expect to have extra edges where
free –S links (or partially unsaturated S anions) may be
present. Moreover, these latter free bonds can be used as
nucleation sites for metallic nanoparticle growth or
deposition.
Consequently, here we extend our simulations considering
the case of a 5 nm gold nanoparticle (AuNP) in close proximity
to a 5 nm pore prepared in the MoS2 flake. As reported below,
this case resembles well the experimental case where the feasi-
bility of this fabrication is demonstrated.
Fig. 3 illustrates the eﬀect as obtained from our FEM simu-
lations. As expected, the presence of a metallic nanoparticle
on the edge of the MoS2 nanopore strongly distorts the field
confinement, leading to a significant additional enhancement
due to coupling between the plasmonic nanopore and the
resonating AuNP. Moreover, switching the polarization
Fig. 2 (a) Electric ﬁeld intensity distribution of a gold nanopillar made
of a 300 nm wide and 400 nm thick dielectric (S1813 optical resist41,42)
structure covered with 35 nm of gold at λ = 633 nm. (b) Electromagnetic
ﬁeld distribution with a disk with a MoS2 monolayer on top of the pillar.
(c) Left-panel: Same as in (b) but with a circular nanohole 5 nm wide in
the MoS2 monolayer; right-panel: electric ﬁeld intensity distribution in
the MoS2 nanohole.
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appears to possibly modulate this coupling phenomenon and
hence the final enhancement. In fact, as illustrated in Fig. 3(a)
and (b), once the polarization of the incident light is oriented
along the AuNP and the hole, the field reaches a value of up to
90 at the pore exit, whereas in the cross polarized configur-
ation, this eﬀect cannot be observed. This result suggests a
possible means to switch the system based on this eﬀect. For
example, this switching could be interesting for applications
where single molecules pass through the pore for sensing
based on enhanced spectroscopy, such as SERS or metal
enhanced fluorescence (MEF),14,15 both of which are now of
great interest for sequencing applications.
From the perspective of the fabrication point, as is well
known, a single layer of MoS2 is approximately 0.7 nm thick,
and a nanopore can be easily prepared by means of focused
electron beam exposure (using TEM).4,5 Here, we first verify
that the deposited MoS2 flakes can be sculptured by means of
a 100 keV focused electron beam (HRTEM Fig. 4(a) and (b)).
However, TEM sculpturing is a very time-consuming and
expensive procedure and can be performed only on suitable
small and fragile substrates. Alternative strategies for narrow
nanopore fabrication represent important contributions to the
nanopore topic.2,45,46 Here, we report the preparation of a sub-
10 nm hole prepared in a MoS2 flake by means of FIB milling
at low current (4.4 pA) with a single-pass exposure. The ability
of the FIB microscope to perform patterning on engineered
arrays allows the preparation of multiple-point nanopores on
our substrate in a rapid and reproducible manner. The illus-
tration of the process is reported in Fig. 4(c). TEM- and FIB-
fabricated nanopores in MoS2 flakes were characterized by
means of TEM micrographs; Fig. 4 reports examples of the
obtained data from selected samples. As expected, while TEM
sculpturing of a nanopore down to 2 nm can be easily achieved
by controlling the duration of the exposure (Fig. 4(a) and (b)),
in the case of FIB-milled holes, diameters just below 10 nm
are the lower limits of this approach (Fig. 4(d)).
As described above, the holes in the MoS2 layer are expected
to result in vacancies in –S bonds that we use here as nuclea-
tion sites for the growth of Au nanoparticles (AuNPs). For the
growth of AuNPs, a 2 mM HAuCl4 solution was prepared in
H2O, with 20 μL dropped over the sculptured samples for
diﬀerent time durations to allow the AuNPs to grow. The
dimensions of the obtained AuNPs depend on the duration of
the deposition (see the ESI† for examples of diﬀerent growths);
AuNPs of approximately 5 nm in diameter were obtained using
30 seconds of incubation at room temperature and subsequent
rinsing in H2O. Under these conditions, AuNPs were grown on
both bare flakes and on flakes in which a nanohole was
created. Fig. 4(e) and (f) show TEM micrographs of MoS2 deco-
rated with AuNPs. The possibility of decorating a MoS2 layer
with metallic nanoparticles has been previously investigated in
several recent papers.47–50 It has been demonstrated50 that
MoS2/AuCl4
− forms a redox pair, allowing spontaneous elec-
tron transfer from MoS2 to gold ions to occur and leading to
the formation of gold nanoparticles. It follows that these gold
nanoparticles would preferentially nucleate at the highly ener-
getic defect sites such as edges or line defects; in our case the
MoS2 exposed edges are preferential nucleation sites.
Consequently, it is possible to achieve AuNP growth in close
proximity to the nanopore in almost all the cases; however,
additional AuNPs can be present on the flakes. Control of the
Fig. 3 (a) Electric ﬁeld intensity distribution at the nanopore when the
incident electric ﬁeld is parallel to the AuNP-nanopore axis. (b) Electric
ﬁeld intensity distribution at the nanopore when the incident electric
ﬁeld is perpendicular to the AuNP-nanopore axis.
Fig. 4 (a) TEM micrograph of a nanohole sculptured into a MoS2 layer
by means of HRTEM exposure for 1 minute; (b) TEM micrograph of a
nanohole sculptured into the MoS2 layer by means of HRTEM exposure
for 3 minutes; (c) illustration of the concept used for FIB milling of the
MoS2 nanopore array; (d) example of a nanopore prepared by means of
FIB; (e) and (f ) examples of AuNPs grown on a MoS2 layer(s) after FIB
milling.
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number of grown particles requires additional experimental
optimizations. However, here, we are interested in a plasmonic
phenomenon that we expect to observe with one or more
AuNPs in close proximity to the pore.
Considering the simulations reported above and the proof-
of-concept fabrication obtained, we expect a significant
enhancement due to the presence of both the resonating
antenna and AuNPs. To verify this enhancement, we per-
formed Raman spectroscopy on our samples at two diﬀerent
wavelengths of excitation, i.e., 532 nm and 633 nm. The latter
results appear to be resonant with the structure and are able
to excite the mode at the antenna apex. The measurements
were performed by using a Renishaw InVia Microscope Raman
system with a 50 × 0.95 NA objective, collecting the signal with
a spectral resolution of 2.5 cm−1 and an integration time of
1 second. The system was calibrated by using the intensity of
the standard peak at 520 cm−1 from a silicon substrate. Fig. 5
reports the results of our measurements. In the top panel, a
map over a large array of 256 3D antennas is reported. Raman
shifts (excitation wavelength 532 nm) between 400 and
410 cm−1 (in correspondence with the A1g Raman mode) have
been used to evaluate the coverage of the MoS2 over the 256
points. According to the figure, the signal appears only in cor-
respondence with the antennas. This result is a clear demon-
stration that the deposition strategy covers the desired
elements in almost all the cases: over 85% of the antennas are
decorated with MoS2 flakes. Fig. 5(b) reports the statistical ana-
lysis over the 256 points with which we evaluate the number of
layers corresponding to each MoS2 flake. As illustrated in the
ESI,† the measured points were fitted by Lorentzian functions.
The in-plane (E12g at ∼380 cm−1) and out-of-plane (A1g at
∼404 cm−1) Raman modes were always clearly visible and used
in the analysis. The diﬀerence between the E12g and A1g modes
(Δf ) is known to steadily increase with the number of
layers;51–55 hence, this parameter can be a reliable quantity to
count the number of layers of MoS2. We used Δf to evaluate
the percentage of single-layer flakes deposited on the con-
sidered array (Fig. 5(b), histogram). From our analysis, we can
conclude that a single layer can be deposited over approxi-
mately 50% of the antennas and nanopores. Regardless, we
think that this can be improved acting on the exfoliation pro-
cedure to obtain better-quality, single-layer flakes in solution.
Indeed, herein, we chose to follow a Li-intercalation protocol
because of the clear advantages for our purposes with respect
to other techniques. The resulting 1T-phase MoS2 is well
known to be more defective and, consequently, more reactive
than the pristine, semiconductive hexagonal phase.17,56,57
This enhanced reactivity clearly promotes both anchoring the
flake via thiol conjugation and nucleating AuNPs on MoS2
defects. In addition, with respect to liquid-phase exfoliation, a
Li-based method can provide stable suspensions without any
surfactant (that may hamper both anchoring and plasmonic
behavior) and with higher exfoliation degree,58 which, in our
case, was maximized by doubling the Li dose. Unfortunately,
MoS2 strongly tends to break up during the exfoliation, result-
ing in a quite large size dispersion (see the ESI†). Even if our
deposition procedure was proved to work with all nanosheet
sizes, we believe that improving the synthetic procedure to
have flakes with homogeneous thickness and a controlled
lateral dimension would allow further optimization of the
deposition parameters and, consequently, enhancement of the
performances of these hybrid systems. Finally, although our
synthetic procedure is highly time consuming and low yield-
ing, Li-exfoliation may be scaled-up by switching from chemi-
cal to electrochemical intercalation.59,60 This process would
allow the preparation of single-layer MoS2 with higher through-
put, which is necessary for the application of these types of
systems on a large scale.
Finally, Raman spectroscopy has also been used to demon-
strate, as a proof of concept, the resonance coupling between
AuNPs grown on MoS2 pores and the integrated plasmonic 3D
antennas. Fig. 5(c) reports the Raman shift collected with exci-
tation wavelengths of 532 (see the ESI†) and 633 nm in the
presence of optimized 3D antennas (working at 633 nm) and
with the addition of AuNPs. As seen in all the cases, both E12g
Fig. 5 Raman analysis on MoS2 deposited on 3D metallic antennas. (a)
Map over 256 antennas. Signal integrated between 400 and 410 cm−1:
227 antennas give the expected signal. Note that the laser is slightly mis-
aligned with respect to the optical image; (b) histogram reporting the
statistical analysis on the number of layers based on Δf of the Raman
modes; (c) Raman spectra of the same nanoantenna decorated with a
MoS2 ﬂake before and after AuNP growth. Solid lines correspond to
Lorentz curve ﬁts, and dots correspond to experimental data.
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and A1g Raman modes are observed. This observation is not
surprising because, despite the use of 1T-MoS2 flakes, it has
been already demonstrated that MoS2 may undergo a 1T → 2H
phase transition under a laser beam.61–63
Although a detailed study of the Raman spectrum is far
from the scope of this work, it is interesting to report that,
using the excitation wavelength of 532 nm, a Lorentz function
perfectly fits the experimental data and determines the two
E12g and A1g Raman modes at 383 and 402 cm
−1, respectively,
i.e., a Δf below 20 cm−1 equivalent to single-layer MoS2.
Moreover, this observation appears to be verified after AuNP
growth, when a higher intensity in the Raman modes appears
with a slight increase in Δf that we ascribe to the presence of
the nanoparticles.
The presence of AuNPs induces a more significant enhance-
ment in the collected spectra in the case of 633 nm excitation
wavelength. This result can be caused by the combination of
the additional enhancement from the plasmonic antennas
and the resonant conditions on excitation. Due to the resonant
conditions of excitation, additional peaks appear at approxi-
mately 410 and 450 cm−1. These peaks are related to A1b and
2LA(M) modes as already discussed in the literature.65 Anyway,
in order to measure the parameter Δf, the two main peaks E12g
and A1g can be considered.
Conclusions
In summary, we presented a hybrid plasmonic 2D material
structure able to generate a significant field confinement in
close proximity of the nanopores. The fabrication procedure
allows the preparation of ordered structures over a large array
using a low-cost procedure and without the use of complex
lithographic processes. This strategy can be applied to not only
MoS2 but also many 2D materials for which the (always
present) defects over the layer can be used to anchor the linker
between the metallic nanopore and the flake. Moreover, the
presence of defects and of edges on the 2D materials allows
the nucleation of metallic nanoparticles, hence paving the way
to integrate additional plasmonic elements over ordered
hybrid structures.
We believe that such an architecture can be a key element
for the realization of new hybrid devices for use in several
applications, including photoluminescence, strong coupling
and valley-polarization64 studies, and single-molecule detec-
tion for DNA or protein sequencing. With respect to previously
reported hybrid plasmonic nanostructures, our scheme signifi-
cantly reduces the complexity of fabrication, leading to a more
robust and low-cost approach for the integration of 2D
materials with plasmonic nanopores.
Conﬂicts of interest
There are no conflicts to declare.
Acknowledgements
The research leading to these results has received funding
from the Horizon 2020 Program, FET-Open: PROSEQO, grant
agreement no. [687089].
Notes and references
1 W. Choi, N. Choudhary, G. H. Han, J. Park, D. Akinwande
and Y. E. Lee, Mater. Today, 2016, 10, 002.
2 J. Feng, K. Liu, M. Graf, M. Lihter, R. D. Bulushev,
D. Dumcenco, D. T. L. Alexander, D. Krasnozhon,
T. Vuletic, A. Kis and A. Radenovic, Nano Lett., 2015, 15,
3431–3438.
3 G. Danda, P. M. Das, Y.-C. Chou, J. T. Mlack, W. M. Parkin,
C. H. Naylor, K. Fujisawa, T. Zhang, L. B. Fulton,
M. Terrones, A. T. C. Johnson and M. Drndić, ACS Nano,
2017, 11, 1937–1945.
4 K. Liu, J. Feng, A. Kis and A. Radenovic, ACS Nano, 2014, 8,
2504–2511.
5 J. Feng, K. Liu, R. D. Bulushev, S. Khlybov, D. Dumcenco,
A. Kis and A. Radenovic, Nat. Nanotechnol., 2015, 10, 1070.
6 J. Wilson, L. Sloman, Z. He and A. Aksimentiev, Adv. Funct.
Mater., 2016, 26, 4830–4838.
7 S. J. Heerema and C. Dekker, Nat. Nanotechnol., 2016, 11,
127.
8 E. L. Bonome, R. Lepore, D. Raimondo, F. Cecconi,
A. Tramontano and M. Chinappi, J. Phys. Chem. B, 2015,
119, 5815–5823.
9 H. Arjmandi-Tash, L. A. Belyaeva and G. F. Schneider,
Chem. Soc. Rev., 2016, 45, 476.
10 H. Qiu, A. Sarathy, J.-P. Leburton and K. Schulten, Nano
Lett., 2015, 15, 8322–8330.
11 A. B. Farimani, K. Min and N. R. Aluru, ACS Nano, 2014, 8,
7914–7922.
12 A. Smolyanitsky, B. I. Yakobson, T. A. Wassenaar,
E. Paulechka and K. Kroenlein, ACS Nano, 2016, 10, 9009–
9016.
13 T. Gilboa, C. Torfstein, M. Juhasz, A. Grunwald,
Y. Ebenstein, E. Weinhold and A. Meller, ACS Nano, 2016,
10, 8861–8870.
14 B. McNally, A. Singer, Z. Yu, Y. Sun, Z. Weng and A. Meller,
Nano Lett., 2010, 10, 2237–2244.
15 O. N. Assad, T. Gilboa, J. Spitzberg, M. Juhasz, E. Weinhold
and A. Meller, Adv. Mater., 2017, 1605442.
16 S. Nam, I. Choi, C.-C. Fu, K. Kim, S. Hong, Y. Choi, A. Zettl
and L. P. Lee, Nano Lett., 2014, 14, 5584–5589.
17 S. S. Chou, M. De, J. Kim, S. Byun, C. Dykstra, J. Yu,
J. Huang and V. P. Dravid, J. Am. Chem. Soc., 2013, 135,
4584–4587.
18 X. Chen and A. R. McDonald, Adv. Mater., 2016, 28, 5738–
5746.
19 E. E. Benson, H. Zhang, S. A. Schuman, S. U. Nanayakkara,
N. D. Bronstein, S. Ferrere, J. L. Blackburn and
E. M. Miller, J. Am. Chem. Soc., 2018, 140, 441–450.
Paper Nanoscale
17110 | Nanoscale, 2018, 10, 17105–17111 This journal is © The Royal Society of Chemistry 2018
O
pe
n 
A
cc
es
s A
rti
cl
e.
 P
ub
lis
he
d 
on
 0
4 
Se
pt
em
be
r 2
01
8.
 D
ow
nl
oa
de
d 
on
 2
/2
7/
20
19
 9
:5
6:
16
 P
M
. 
 
Th
is 
ar
tic
le
 is
 li
ce
ns
ed
 u
nd
er
 a
 C
re
at
iv
e 
Co
m
m
on
s A
ttr
ib
ut
io
n-
N
on
Co
m
m
er
ci
al
 3
.0
 U
np
or
te
d 
Li
ce
nc
e.
View Article Online
20 J. Jian Zheng, H. Zhang, S. Dong, Y. Liu, C. T. Nai,
H. S. Shin, H. Y. Jeong, B. Liu and K. P. Loh, Nat. Commun.,
2014, 5, 2995.
21 D. Voiry, M. Salehi, R. Silva, T. Fujita, M. Chen, T. Asefa,
V. B. Shenoy, G. Eda and M. Chhowalla, Nano Lett., 2013,
13, 6222–6227.
22 M. Acerce, D. Voiry and M. Chhowalla, Nat. Nanotechnol.,
2015, 10, 313–318.
23 C. Lee, H. Yan, L. E. Brus, T. F. Heinz, J. Hone and S. Ryu,
ACS Nano, 2010, 25, 2695–2700.
24 H. Chen, J. Yang, E. Rusak, J. Straubel, R. Guo, Y. W. Myint,
J. Pei, M. Decker, I. Staude, C. Rockstuhl, Y. Lu,
Y. S. Kivshar and D. Neshev, Sci. Rep., 2016, 6, 22296.
25 Z. Li, Y. Li, T. Han, X. Wang, Y. Yu, B. Tay, Z. Liu and
Z. Fang, ACS Nano, 2017, 11, 1165–1171.
26 J. Huang, G. M. Akselrod, T. Ming, J. Kong and
M. H. Mikkelsen, ACS Photonics, 2018, 5, 552–558.
27 C. Janisch, H. Song, C. Zhou, Z. Lin, A. L. Elías, D. Ji,
M. Terrones, Q. Gan and Z. Liu, 2D Mater., 2016, 3, 025017.
28 Y. Kang, S. Najmaei, K. Liu, Y. Bao, Y. Wang, X. Zhu,
N. J. Halas, P. Nordlander, P. M. Ajayan, J. Lou and Z. Fang,
Adv. Mater., 2014, 26, 6467–6471.
29 Z. Wang, Z. Dong, Y. Gu, Y.-H. Chang, L. Zhang, L.-J. Li,
W. Zhao, G. Eda, W. Zhang, G. Grinblat, S. A. Maier,
J. K. W. Yang, C.-W. Qiu and A. T. S. Wee, Nat. Commun.,
2016, 7, 11283.
30 S. Butun, S. Tongay and K. Aydin, Nano Lett., 2015, 15,
2700–2704.
31 B. Mukherjee, N. Kaushik, R. P. N. Tripathi, A. M. Joseph,
P. K. Mohapatra, S. Dhar, B. P. Singh, G. V. Pavan Kumar,
E. Simsek and S. Lodha, Sci. Rep., 2017, 7, 41175.
32 W. Liu, B. Lee, C. H. Naylor, H.-S. Ee, J. Park, A. T. C. Johnson
and R. Agarwal, Nano Lett., 2016, 16, 1262–1269.
33 Y. Yu, Z. Ji, S. Zu, B. Du, Y. Kang, Z. Li, Z. Zhou, K. Shi and
Z. Fang, Adv. Funct. Mater., 2016, 26, 6394–6401.
34 Y. Kang, Y. Gong, Z. Hu, Z. Li, Z. Qiu, X. Zhu, P. M. Ajayanc
and Z. Fang, Nanoscale, 2015, 7, 4482.
35 Y. Zhao, M. Tang, Q. Liao, Z. Li, H. Li, K. Xi, L. Tan,
M. Zhang, D. Xu and H.-Y. Chen, ACS Sens., 2018, 3, 806–814.
36 K. Srinivasan, K. Subramanian, K. Muruganb and
K. Dinakaran, Analyst, 2016, 141, 6344.
37 J. Lin, H. Li, H. Zhang and W. Chen, Appl. Phys. Lett., 2013,
102, 203109.
38 J. Miao, W. Hu, Y. Jing, W. Luo, L. Liao, A. Pan, S. Wu,
J. Cheng, X. Chen and W. Lu, Small, 2015, 11, 2392–2398.
39 J. Feng, M. Graf, K. Liu, D. Ovchinnikov, D. Dumcenco,
M. Heiranian, V. Nandigana, A. Narayana, R. Aluru, A. Kis
and A. Radenovic, Nature, 2016, 536, 197.
40 C. Zhu, Z. Zeng, H. Li, F. Li, C. Fan and H. Zhang, J. Am.
Chem. Soc., 2013, 135, 5998–6001.
41 F. De Angelis, M. Malerba, M. Patrini, E. Miele, G. Das,
A. Toma, R. P. Zaccaria and E. Di Fabrizio, Nano Lett., 2013,
13, 3553–3558.
42 D. Garoli, P. Zilio, Y. Gorodetski, F. Tantussi and F. De
Angelis, Nano Lett., 2016, 16, 6636–6643.
43 H. Zhang, Y. Ma, Y. Wan, X. Rong, Z. Xie, W. Wang and
L. Dai, Sci. Rep., 2015, 5, 8440.
44 R. Addou, L. Colombo and R. M. Wallace, ACS Appl. Mater.
Interfaces, 2015, 7, 11921–11929.
45 S. Carson and M. Wanunu, Nanotechnology, 2015, 26,
074004.
46 P. Waduge, I. Bilgin, J. Larkin, R. Y. Henley, K. Goodfellow,
A. C. Graham, D. C. Bell, N. Vamivakas, S. Kar and
M. Wanunu, ACS Nano, 2015, 9, 7352–7359.
47 H. Zhou, F. Yu, C. F. Guo, Z. Wang, Y. Lan, G. Wang,
Z. Fang, Y. Liu, S. Chen, L. Sun and Z. Ren, Nanoscale,
2015, 7, 9153.
48 Y. Shi, J.-K. Huang, L. Jin, Y.-T. Hsu, S. F. Yu, L.-J. Li and
H. Y. Yang, Sci. Rep., 2013, 3, 1839.
49 S. Su, C. Zhang, L. Yuwen, J. Chao, X. Zuo, X. Liu, C. Song,
C. Fan and L. Wang, ACS Appl. Mater. Interfaces, 2014, 6,
18735–18741.
50 J. Kim, S. Byun, A. J. Smith, J. Yu and J. Huang, J. Phys.
Chem. Lett., 2013, 4, 1227–1232.
51 C. Lee, H. Yan, L. E. Brus, T. F. Heinz, J. Hone and S. Ryu,
ACS Nano, 2010, 4, 2695–2700.
52 R. C. Cooper, C. Lee, C. A. Marianetti, X. Wei, J. Hone and
J. W. Kysar, Phys. Rev. B: Condens. Matter Mater. Phys., 2013,
87, 035423.
53 K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Phys.
Rev. Lett., 2010, 105, 136805.
54 A. Castellanos-Gomez, N. Agrait and G. Rubio-Bollinger,
Appl. Phys. Lett., 2010, 96, 213116–213113.
55 A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C. Y. Chim,
G. Galli and F. Wang, Nano Lett., 2010, 10, 1271–1275.
56 D. Voiry, A. Goswani, R. Kappera, C. de Carvalho Castro e
Silva, D. Kaplan, T. Fujita, M. Chen, T. Asefa and
M. Chhowalla, Nat. Chem., 2015, 7, 45–49.
57 S. Presolski, L. Wang, A. Huiling Loo, A. Ambrosi, P. Lazar,
V. Ranc, M. Otyepka, R. Zboril, O. Tomanec, J. Ugolotti,
Z. Sofer and M. Pumera, Chem. Mater., 2017, 29, 2066–
2073.
58 G. Eda, H. Yamaguchi, D. Voiry, T. Fujita, M. Chen and
M. Chhowalla, Nano Lett., 2011, 11, 5111–5116.
59 Z. Zeng, Z. Yin, X. Huang, H. Li, Q. He, G. Lu, F. Boey and
H. Zhang, Angew. Chem., Int. Ed., 2011, 50, 11093–11097.
60 E. Benavente, M. A. Santa Ana, F. Mendizàbal and
G. Gonzàlez, Coord. Chem. Rev., 2002, 224, 87–109.
61 Y. Guo, D. Sun, B. Ouyang, A. Raja, J. Song, T. F. Heinz and
L. E. Brus, Nano Lett., 2015, 15, 5081–5088.
62 X. Fan, P. Xu, D. Zhou, Y. Sun, Y. C. Li, M. A. T. Nguyen,
M. Terrones and T. E. Mallouk, Nano Lett., 2015, 15, 5956–
5960.
63 H. Li, Q. Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin,
A. Olivier and D. Baillargeat, Adv. Funct. Mater., 2012, 22,
1385–1390.
64 Y.-J. Chen, J. D. Cain, T. K. Stanev, V. P. Dravid and
N. Stern, Nat. Photonics, 2017, 11, 431–436.
65 B. Chakraborty, H. S. S. R. Matte, A. K. Sood and
C. N. R. Rao, J. Raman Spectrosc., 2012, 44, 92–96.
Nanoscale Paper
This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 17105–17111 | 17111
O
pe
n 
A
cc
es
s A
rti
cl
e.
 P
ub
lis
he
d 
on
 0
4 
Se
pt
em
be
r 2
01
8.
 D
ow
nl
oa
de
d 
on
 2
/2
7/
20
19
 9
:5
6:
16
 P
M
. 
 
Th
is 
ar
tic
le
 is
 li
ce
ns
ed
 u
nd
er
 a
 C
re
at
iv
e 
Co
m
m
on
s A
ttr
ib
ut
io
n-
N
on
Co
m
m
er
ci
al
 3
.0
 U
np
or
te
d 
Li
ce
nc
e.
View Article Online
